s with the earlier generation of pioneer neurosurgeons at the beginning of the 20th century, Wilder Penfield ( 1891-1976) developed his surgical technique largely on his own initiative) s As he had worked out his own education in neurophysiology and neuropathology, so too he organized the development of his surgical technique and the eventual formation of a distinct neurosurgical school. 6'~~176
Penfield used Cushing's operative technique as a "sort of classic" and "constantly referred to the general principles which he laid down in neurosurgical operating. "3 Although he was a surgical intern at the Peter Bent Brigham Hospital during 1918 and 1919, Penfield was never formally a resident or a fellow on the Cushing service, as were his colleagues Percival Bailey, Kenneth Mackenzie, Gilbert Horrax, Hugh Cairns, and Norman Dott; but he always considered himself "the distant pupil of Harvey Cushing. ''~6
Contact with William Halsted and Walter Dandy
In 1916, Penfield graduated from Oxford University in England with a Bachelor of Arts degree from the Honours School of Physiology) ,Js His exposure to the meticulous experimental work of Charles Sherrington inspired him to direct his future attention to the study of the nervous system. 22 "In his laboratory at Oxford to search for the hidden truth of neurology became a habit of mind, a colouring of all one's thoughts," Penfield wrote later) ~ Over the next 2 years, he completed his medical schooling at The Johns Hopkins School of Medicine. He considered that one of his surgical teachers, William Halsted, had developed "the technique that neurosurgery required. ''~6 Although he had subsequent meetings with Dandy and Cushing, Penfield wrote, "I would always be the pupil of my first professor of surgery, the man who taught them [Dandy and Origins of Wilder Penfield's surgical technique Cushing] great skill and dexterity. For his first paper in neurosurgery, Penfield described nine patients operated on by Horsley and Sargent for cranial endothelioma --thickening of the skull bone due to infiltration by a meningioma? ~.~9 This Queen Square experience was not seminal in the formation of Penfield's surgical technique, however. He commented later that "leadership in neurosurgery had already moved across the Atlantic to the United States"~3 and that "the establishment of British modern neurosurgery fell to others." Horsley and Sargent "belonged to the early neurosurgeons" having been technically separated from the modern surgeons, Cushing and Dandy, by the advent of the Halsted technique, t*
Allen Whipple and the New York Period
A critical turning point for Penfield came in the spring of 1921. His mind now made up to become a neurosurgeon, he accepted an offer by Allen Whipple, newly appointed Professor of Surgery at Columbia University, to be the full-time neurosurgeon at the Presbyterian Hospital and Assistant Professor of Surgery.
M. C. Preul and W. Feindel
Whipple, who was scholarly, skillful, and thoughtful, was "much impressed by the teaching of Halsted in matters of surgical technique. ''6 He was becoming a leader in the field of general surgery and showed benevolent concern, as a preceptor and friend, for the aims of Penfield, who wrote later, "When Whipple sent for me to come to New York for an interview, I confessed to him my shortcomings as a surgeon. He smiled. 'I know,' he said, 'but you have the training I want in neurophysiology, and neuropathology, and neurology. We can teach you surgery here and I shall expect you to make recurring visits to the clinics of other neurosurgeons.'" 18 Penfield, having only limited clinical experience, was initially appointed junior attending surgeon and for the next 2 years received top-rate technical training. "As far as general surgery was concerned, I was able now to do all but the most specialized operations in that field. "~s By November, 1923, Whipple decided that Penfield would be responsible only for neurosurgical patients (Fig. i) .
On the Whipple team, he had able teachers and associates (Fig. 2) . William Clarke, surgical pathologist, induced him to make his first experimental study of how a brain wound heals. TM In 1924, William Cone came to the laboratory; an enthusiastic and tireless worker, he was to become Penfield's life-long surgical partner in the Montreal adventure. Together, they derived much support from Frank Meleney, an expert in surgical infection control, and from Arthur Purdy Stout, a sound tumor pathologist.
Recording Cushing: The Penfield Index Cards
From 1918 to 1919, Pen field had been a surgical intern at the Peter Bent Brigham Hospital in Boston, where he may have first formed the desire to specialize in neurosurgery (Fig. 3) . Although never working directly under Cushing, he "watched Cushing's skilled performance in and out of the operating room."~6 Cushing, having returned from service in World War I, was critically analyzing his operative results to demonstrate that brain surgery could be accomplished with acceptable mortality ratesfl '3~ Penfield also recorded other surgical details. Most often the patient's name, salient features of the history and physical examination, and the postoperative course were included. Assistants to Cushing, Percival Bailey, Gilbert Horrax, and Kenneth Mackenzie, were also mentioned. Penfield sketched particular instruments that Cushing used and the company that made them; he recorded Cushing's remarks verbatim and made editorial comments. As an instance, after witnessing a cranial pneumogram (ventriculogram) performed by Horrax and Bailey on May 28, 1923, Penfield concluded, "Plates inspected -Perhaps as good as ours" (Fig. 4) . Likely, Penfield was more experienced with ventriculography, having learned from Dandy; Cushing had been reluctant to accept this procedure. Again, viewing the set-up for a transfrontal craniotomy, Penfield indicated the operator (Cushing) holding full center with the positions of the other members of the team also noted; but he wrote, "2nd asst. quite out of it" (Fig. 5) .
The details of each procedure were minutely recorded. He watched Cushing perform a subtemporal decompression, in those days a life-saving measure to relieve increased intracranial pressure due to nonresectable tumors. Penfield sketched the exact site of the incision, the layers of dissection, how the bone removal avoided the mastoid air cells, the Y-shaped dural incision, how the dura was left open and the muscle was closed in layers, the number and exact placement of sutures in each layer, and the final surgical dressing.
The preparation and draping for a suboccipital approach were described in equal detail. "Prep. -wet towel over hair, Cushing ~ bare hands scrubs ~ hands, bichloride 1-1000, alcohol 70%, then forceps the field, -outlines incision -covers whole head + shoulders double thickness of gauze soaked in bichloride -fastened on ~ 2 skin clips. Towels -wet in bichloride, (Fig. 6) .) Although Penfield's technique may be called eclectic and he "could claim to be the pupil of many," throughout his life he considered himself "to be the distant pupil of Harvey Cushing. ''18 Penfield's referral of his sister to Cushing for reoperation of a frontal glioma bears out his respect for Cushing's talent and judgment.Is, 29
Like Cushing, Penfield found that a sketch made of an observation was essential to a better understanding of the procedure. Most of Penfield's surgical reports in early charts of the Montreal Neurological Institute were accompanied by detailed drawings. The master file of some 3000 patients treated surgically for epilepsy at the Institute have routinely included the surgeon's drawing, on a printed brain outline, of the pathology and stimulation findings, as well as sequential photographs of the operationJ '2s
Cushing's Influence on Penfield
Penfield later reported to John Fulton: "I was very greatly influenced in the development of my own particular technique by the Cushing ritual . . . . I made drawings of every instrument and listed the routine steps of every operation." "Dr. Cone joined me in New York, and we came to Montreal together, and we have steadily altered our technique in one way or another, but frequently when debating any change in routine operative surgery we have referred back to the complete notes which I have of Cushing's every move. I make a point even now of demonstrating to each resident Cushing's method of suturing the aponeurosis and point out the differences in his routine procedure from our own. I try to point out at the same time that no one has ever excelled Cushing in fastidious care and devotion to detail. It seems fair to say, therefore, that throughout my surgical career I have used Cushing's method as a sort of classic and have constantly referred to the general principles which he laid down in neurosurgical operating. We have departed from his procedures in a manner that I believe he would have approved. In my opinion he would never have adhered to his own ritual as slavishly as some pupils might. '' 9 Penfield not only elaborated on Cushing's technique, but also went on to develop his own procedures and techniques, drawing upon his contacts with other surgical teachers. His report with William Cone on suboccipital and subtemporal myoplastic craniotomy in 1936 had its roots in Cushing's technique.~ Cone proved an innovative surgeon, developing many new techniques and instruments; perhaps the most widely influential was his use of the twist drill method (for needle biopsy or for aspiration of cystic tumors, abscesses, and hematomas) and his introduction of air-driven bone instruments, both in the early 1940's.
Both Cushing and Penfield assiduously documented for each patient the clinical history and findings, surgical observations, pathological examination of specimens, and postoperative course and follow-up findings. 4"628 During the early days at the Montreal Neurological Institute, Cushing's draping, scrub-up, and operative techniques were rigorously followed; any changes or refinements in these were decided only by the neurosurgeons as a group. One rewarding result of this team discipline was the low incidence of operative infections, less than 1%, over many years. Penfield held that Cushing was "generally looked upon as the leader of modern neurosurgery . . . . In matters of operative technique, he was deft and sure. ''jr Although Penfield gained much from observing other surgeons, Cushing had the greatest impact on the development of his surgical technique] 3"16' t8
Penfieid: "My Senior Pupil"
Cushing in turn recognized Penfield as his student. At the historic First International Neurological Congress in 1931 in Berne, Switzerland, Cushing had delivered his memorable report on the surgical results of 2000 brain tumors. Afterward he was inspired to give a dinner for many former pupils to meet his "masters. "9
Origins o f W i l d e r Penfield's surgical t e c h n i q u e Ftc. 7. Two index cards describing a transsphenoidal operation by Cushing, May 11, 1926 . The drawings show the fight-angle retractors "about 5-6 cm deep" and the bivalve speculum, the long angulated scalpel, and the tips of the bone punch and probe or elevator (see text).
As Cushing himself was carefully "arranging his handwritten placecards" for this distinguished international group (the full table plan is given on page 608 by Fultong), he saw Penfield coming by. "Wilder," he said, "I want you to sit at the end of the table opposite me. You are my senior pupil here in Berne. I have put Sherrington on your left and Foerster, with Geoffrey Jefferson of Manchester, on your right." As Penfield remarked later, it was so like Cushing to "... call me his pupil when he knew that would please me whether or not it was strictly true. I had never been his resident but I had often been his pupil; all neurosurgeons were, in one way or another, in those days. '''8
Penfield and Neurosurgery in Europe
In 1928, during his first 6 months of study with Otfrid Foerster, in Breslau, Penfield took the opportunity to visit many of the European clinics for neurology and neurosurgery. His impressions from these visits were summarized in a report to the Rockefeller Foundation. 14 He extracted much useful information about neurosurgical techniques during this time. He noted that among the first men in Europe to enter into neurosurgery were Krause of Berlin and von Eiselsberg, Professor of Surgery at Vienna. Penfield wrote, "When I asked Professor von Eiselsberg if I might see him do some neurosurgery he waved his hand and said, 'You had better go to Cushing . . . . His results are better than mine because he makes his own diagnosis . . . . I never do neurological cases when I can avoid them. Come and see me remove a stomach tomorrow at eight.' ,, 14 Penfield was evidently more impressed by the work in Vienna of the rhinologist, Oscar Hirsch. "He was the first to operate upon the pituitary through the nose, though Cushing has subsequently taken it up. Hirsch has continued his work with much success but little or no publicity. I saw him remove a tumor of the pituitary, thus saving the eye-sight of his patient, in one hour. The patient sat in a chair, under local anaesthesia, and held a basin for the operator. She then walked back to the ward and went to bed. This was rather a startling contrast to the elaborate ritual that attends Cushing's use of the method under general anaesthesia." Earlier, in 1926, Penfield had recorded the transsphenoidal operation as performed by Cushing. It was the Hirsch method, with the retractors, the speculum, and the intranasal approach, but elaborated to match Cushing's style (Fig. 7) .
Penfield also visited Strasbourg with Foerster to see Ren6 Leriche whom he had observed earlier in 1924. Although Professor of Surgery, Leriche "considers the central nervous system as part of his province, but his real field of activity has been the sympathetic nervous system and vascular surgery. ''~4 Penfield had already adopted the Leriche operation for sectioning cardiac nerves for relief of angina; j7'23 he and Cone later adapted sympathectomy for treating arterial hypertension. 24 Stripping the nerves around the carotid and vertebral arteries, another method inspired by the work of Leriche, was tried for a time by Penfield to treat generalized seizures. TM Comments on Otfrid Foerster indicate how much Penfield owed this combined neurologist and neurosurgeon for the formative stage in developing what was to become his life interest --the surgical treatment of epilepsy. Penfield wrote, "his operative technique at present differs greatly, as might be expected, from that of American neurosurgeons. It resembles more the manner of operating of Horsley and Sargent in England. He is a slow, painstaking operator who uses no bone wax, no silver clips for blood vessels, no suction in the operative field, makes no osteoplastic cranial flaps and closes a scalp in a manner not sanctioned by the school of Cushing . . . . Nevertheless, his surgery is good. He shows the greatest respect for tissue in general and the brain in particular. He is radical and even brilliant in the removal of tumors and daring when occasion demands. Wound closure is meticulous and wound healing on the whole good . . . . Moreover, in his almost universal use of local anaesthesia, the patient sometimes suffers acutely, although it must be admitted that the mortality is thereby probably lowered . . . . In focal epilepsy his fearless radical excisions of the scarred brain area marks a step forward in the treatment of this scourge. ''~4 Penfield worked diligently with Foerster and carried out microscopic study of the meningo-cerebral scars aided by the Spanish techniques. 7s "So far as my experience goes," Penfield continued, "neurosurgery in this clinic is unequaled outside of the United States and such a well balanced combination of neurology and neurosurgery is to be found nowhere. ' '14 In discussing the implications of this pattern, Penfield noted that neurology and neurosurgery should combine, "a fact that is already theoretically obvious, as neurosurgery is blind without neurology and can hope to make no advance and neurology ineffective without surgery. The preliminary training for the personnel of such clinics must be in neurology, surgery, and neuropathology. Neurosurgery, obviously cannot be well done by a surgeon not devoting his entire time to that speciality. 
The Montreal Neurological Institute, 1934
Cushing was invited to take part at Penfield's crowning achievement, the opening of the Montreal Neurological Institute in 1934. 30 Penfield remarked that it was a great honor to have one "of the most distinguished of my teachers" deliver on this occasion one of the Foundation lectures.2~ Cushing was somewhat surprised to discover his name displayed among the historic greats of neurology and neurosurgery in the "Hall of Neurological Fame" at the Institute, particularly when he realized that he and Charles Sherrington were the only selections who were still iivingfl In his address, Cushing said, "We may well expect that under the widely trained and many-sided director [Wilder Penfield] of this new institute, neurology will receive a new impetus, making of this place still another mecca for workers in the great subject in which we all feel so vitally interested. We may rest assured that here not only will the story of neurology's great past be cherished but that a new and significant chapter will be added to it. ''2 Penfield and Cushing continued a correspondence (Fig. 8) 
The Surgery of Epilepsy
Penfield's role in the development of the surgery for epilepsy in many respects parallels Cushing's role a generation earlier in the development of the surgery for brain tumors. Both began their work when many physicians had serious reservations regarding the therapeutic benefit of definitive surgery.
A fortunate meeting with Herbert Jasper in 1937 brought to the institute electroencephalography and the method of direct electrical recording from the surface of the brain during operation. 25 This strengthened further the scientific basis for the surgical treatment of seizures. The number of negative explorations where no resections could be made (almost 50% of the operations carried out in the early years) became greatly reduced as the epileptic focus became more defined before operation by electroencephalographic studies. 26 The assiduous observation and documentation of hundreds of such patients led to continuing refinement of Penfield's surgical techniquefl 7 Then, in the early 1950's, the significance of the temporal lobe in psychomotor seizures with automatisms and amnesia began to emerge. 3'6 This exciting new field burgeoned rapidly. Penfield with his many associates vigorously established the guidelines for the investigation and operative technique for treating such seizures, and entered into the heady realms of the cortical localization for speech and the structures subserving memory function and consciousness in the human brain. 3'5'6'25'26 '28 As Rasmussen 2s pointed out, "It is largely as a result of Penfield's painstaking and scholarly studies that cortical resection has gradually earned a secure place in the treatment of medically refractory focal epilepsy and is now being carried out in an increasing number of major neurosurgical centres around the world."
A Final Tribute
Penfield recognized Cushing as "an artist, a Leonardo da Vinci devoting his talent to surgery. ''~3 Shenington had pointed the way toward the nervous system as the "unexplored place of understanding" when Penfield entered medicine, but he likely saw much more of himself as a surgeon in Cushing. ~8 Through Cushing, Penfield found the means to join his neurophysiological and neurocytological experiences ~2' 22 with the modern surgical technique handed down by Halsted.
Although a generation apart, some points in the careers of Cushing and Penfield were remarkably similar. 6'2~ Both shared the Halsted and Osier legacy, and brought a physiological approach to neurosurgery. Energetic, inspiring, and competitive, they both became accomplished authors and scholars. Each was "endowed with a delicate balance of surgical courage and conscience which was directed to the welfare of patients. ''6 Wilder Penfield's tribute to Harvey Cushing's hundredth birthday could as well be ascribed to himself; "Cushing took what Halsted and Osier had to give, and elaborated it with genius to achieve his own particular excellence."~3
